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Introduction
Cathepsin E (EC 3.4.23.34) is an intracellular aspartic proteinase that is mainly localized within cell endosomes or lysosomes [1, 2] . Cathepsin E is predominantly found in immune-related cells, including macrophages, dendritic cells, and microglia [3, 4] or in the epithelial cells of the gastrointestinal mucosa and skin [5, 6] . To investigate the physiological or pathological roles of the proteinase in vivo, we have previously generated cathepsin E-deficient (CatE -/-) mice. CatE -/-mice spontaneously developed atopic dermatitis-like skin lesions when kept under conventional conditions, but not under specific pathogen-free conditions [7] .
Recently, we reported that macrophages derived from CatE -/-mice display a novel type of lysosomal storage disorder, characterized by accumulation of lysosomal membrane glycoproteins such as LAMP-1 and LAMP-2, in cells with a concomitant elevated lysosomal pH [8] . In particular, CatE -/-macrophages exhibit various abnormalities, such as reduced bactericidal activity [9] , trafficking defects for both membrane and soluble proteins [10] , and impaired TNF-α or IL-6 production [9] . Although cathepsin E deficiency probably causes diseases other than skin lesions, other roles of cathepsin E in vivo remain unknown. However, during a series of experiments comparing wild-type and CatE -/-mice, we observed a modest decrease in the body weight of CatE -/-mice compared to wild-type mice. These findings prompted us to investigate whether cathepsin E deficiency also causes a lean phenotype.
To date, several studies have reported that endosome or lysosome dysfunction leads to a deficiency in adipose deposition. For example, mice deficient in lysosomal acid lipase, which hydrolyzes triglycerides and cholesterol (CHO) esters in lysosomes, exhibit massive accumulation of triglycerides and CHO esters in the liver, spleen, and intestines, and lack adipose tissues, despite being born with normal fat distribution [11] 
Materials and Methods

Mice
Wild-type and CatE -/-mice with the C57BL/6 genetic background were used as described previously [7, 8] . Animals were maintained under specific pathogen-free conditions according to the guidelines of the Japanese Pharmacological Society. or an HFD containing 25% milk casein, 14% beef fat and 14% lard.
Histopathological analysis
Mice were anesthetized with ether, and blood was drawn for serum analysis. All organs were fixed with 10% formalin and processed for pathological analysis. The fixed organs were sectioned and stained with hematoxylin and eosin (H&E). Fixed aortas were dissected and prepared for either Oil Red O staining using standard techniques or for paraffin embedding and H&E staining.
For immunohistological analysis, adipose tissue was fixed with 4% paraformaldehyde in phosphate buffer.
Immunohistochemistry
Immunohistochemistry was performed as described previously [13] . Briefly, 20-μm cryosections were treated with 0.3% Triton X-100 in PBS for 30 min, followed by 0.3% H2O2 in PBS for 60 min. After treatment with 10% non-immune goat serum, the sections were incubated with rabbit anti-F4/80 monoclonal antibody (used at a dilution of 1:500; Serotec, Oxford, UK) overnight at 4°C, followed by immunostaining with an avidin-biotin-peroxidase complex (ABC) kit (Vector Laboratories, Burlingame, CA, USA). The sections were incubated for 5 min with 0.02%
3,3′-diaminobenzidine tetrahydrochloride (DAB; Dojindo Laboratories, Kumamoto, Japan) and 0.006% H2O2 in 0.05 M Tris buffer (pH 7.6), followed by hematoxylin staining.
Biochemical and lipid analyses
The concentrations of total CHO, high-density lipid (HDL)-CHO, non-esterified fatty acid (NEFA), glucose, and insulin, were measured using an enzymatic assay kit (Cholesterol E-test,
HDL Cholesterol E-test, NEFA C-Test, Glucose CII test, and Insulin-EIA test: Wako Pure Chemical Industries, Osaka, Japan). The levels of low-density lipid (LDL)-CHO were calculated based on the results of total CHO, HDL-CHO, and triglycerides. The levels of serum amyloid A (SAA) were measured by using an ELISA kit (Shibayagi, Gunma, Japan). The serum levels of thiobarbituric acid reactive substances (TBARS) were measured using an assay kit (Cayman Chemical Co, MI, USA).
Statistical analysis
The Student's t-test was used to determine the statistical significance of observed differences.
Results
HFD-induced CatE -/-mice showed fat tissue depletion and hepatomegaly
We first investigated body weight gain in wild-type and CatE -/-mice fed an ND (Fig. 1A ) or an HFD (Fig. 1B) . The ND-fed CatE -/-mice displayed slightly lesser body weight gain than ND-fed wild-type mice, but this difference was statistically insignificant (Fig. 1 A) . However, when mice were fed an HFD from weeks 8 to 28, the CatE -/-mice exhibited significantly lesser weight gain than wild-type mice (Fig. 1B) . Food intake did not differ between wild-type and CatE -/-mice maintained either on an ND or HFD (data not shown).
We then dissected the chest and abdominal parts of 24-week-old wild-type and CatE -/-mice fed an ND or HFD. The gross appearances of ND-fed wild-type and CatE -/-mice were similar (data not shown). However, HFD-fed CatE -/-mice at 24 weeks exhibited markedly swollen and brownish-yellow livers compared to wild-type littermates (Fig. 1C) . In addition, HFD-induced CatE -/-mice displayed a small amount of white adipose tissues (WATs), whereas HFD-induced wild-type mice displayed a large amount of WATs (Fig. 1C) . These results suggest that HFD-induced CatE -/-mice exhibit abnormal lipid metabolism, which is characterized by hepatomegaly and reduced WAT development.
Histopathological analysis of hepatomegaly in HFD-induced CatE -/-mice
To further investigate the hepatomegaly observed in HFD-induced CatE -/-mice, histopathological analysis was performed (Fig. 2) . In the liver of HFD-induced wild-type mice, hepatocytes around the centers of hepatic lobules were slightly swollen, and the small vesicles were prominent at the marginal regions of hepatic lobules ( Fig. 2A) . However, the liver of HFD-induced CatE -/-mice contained many larger vacuoles in the cytoplasm ( Fig. 2B and C) .
Moreover, the hepatic cell cord was irregularly shaped, and pseudoglandular transformation was pronounced in the hepatic lobule ( Fig. 2B and C) . These findings indicate that CatE -/-mice showed hepatomegaly associated with hepatic steatosis.
Hypercholesterolemia in HFD-induced CatE -/-mice
To analyze the effects of the HFD on lipid metabolism in CatE -/-mice, we assessed serum lipid composition in wild-type and CatE -/-mice fed either an ND or HFD. The serum levels of total CHO and LDL in HFD-induced CatE -/-mice were significantly higher than those in fat-induced wild-type mice (Fig. 3A and C) . In contrast, serum levels of HDL in HFD-induced CatE -/-mice were markedly lower than those in wild-type mice (Fig. 3B) . The serum levels of NEFA in wild-type and CatE -/-mice were equivalent (Fig. 3D) . In ND-fed wild-type and CatE -/-mice, total CHO, LDL, HDL and NEFA levels were comparable (Fig. 3A-D) .
To further examine the characteristics of HFD-induced CatE -/-mice, we investigated the inflammatory reactions and oxidative stress. We examined the serum levels of TBARS, which is an indicator for lipid peroxidation. For both ND or HFD-induced conditions, the serum TBARS levels in CatE -/-mice were significantly higher than those of wild-type mice (Fig. 3E ). To examine whether the HFD caused inflammation in CatE -/-mice, we measured SAA levels in wild-type and CatE -/-mice. The SAA levels in HFD-induced CatE -/-mice were markedly higher than those of the wild-type mice, although the levels were similar between wild-type and CatE -/-mice fed an ND (Fig. 3F) . However, no notable differences were observed between the serum glucose or insulin levels of wild-type and CatE -/-mice fed either an ND or HFD ( Fig. 3G and H) .
These results indicate that HFD-induced CatE -/-mice display hypercholesterolemia associated with increased inflammatory reactions and oxidative stress, but not diabetes-like phenotypes.
Impaired development of adipose tissues and reduced macrophage infiltration in HFD-induced CatE -/-mice
To evaluate the impaired development of WATs in HFD-induced CatE -/-mice, we measured the weight of various adipose tissues in mice. As shown in Fig 4 , CatE -/-mice displayed significantly reduced weights of epididymal WAT (Fig. 4A ), perirenal WAT (Fig. 4B) and BAT (Fig. 4C) . Histopathological analysis showed that adipocytes from epididymal WAT in CatE -/-mice were smaller than those of wild-type mice ( Fig. 4D and E) . Similarly, adipocytes from BAT in CatE -/-mice were significantly smaller than those in wild-type mice ( Fig. 4F and   H ).
Finally, we explored the cellular roles of cathepsin E in adipose tissue development. Several lines of evidence indicate that cathepsin E is hardly detectable in pre-adipocyte cells [14] .
Therefore, we hypothesized that macrophages, which contain higher levels of cathepsin E, may play an important role in the development of adipose tissues. When we performed immunohistochemical analysis using an antibody specific for the macrophage marker F4/80, immunoreactions for F4/80 in wild-type WAT were clearly detectable (Fig. 4H) , whereas those
in CatE -/-WAT were scarcely detectable (Fig. 4I ). As shown in Fig. 4J , the number of F4/80-positive cells in CatE -/-WAT was significantly lower than that in wild-type WAT. These results indicate that impaired macrophage infiltration may be involved in the defective development of WAT.
Discussion
In this study, we have demonstrated that HFD-fed CatE -/-mice exhibit significantly reduced body weight gain and impaired development of WAT and BAT. This defective adipose tissue development was associated with hepatomegaly characterized by hepatic steatosis and hypercholesterolemia. Defective adipose tissue development in HFD-fed CatE -/-mice is likely to be correlated to impaired macrophage infiltration.
Fat-induced CatE -/-mice exhibited impaired adipose tissue development. We speculate that the presence of abnormal adipose tissue is largely due to reduced macrophage infiltration in CatE -/-mice. It is known that the maturation process from pre-adipocyte to adipocyte is predominantly sustained by infiltration and interaction of macrophages and immune-related cells [15, 16] . Moreover, the fact that cathepsin E is hardly detected in adipocytes but is highly 8 expressed in macrophages further supports our notion. In fact, Cook et al. [14] reported that the mRNA level of cathepsin E was completely undetectable in 3T3-L1 cells, which is a useful cell line for adipocyte differentiation. In this study, the number of F4/80-positive cells in CatE -/-WAT was significantly lower than that in wild-type WAT, indicating reduced macrophage infiltration in CatE -/-WAT. Therefore, it is likely that reduced adipose tissue development in CatE -/-mice is probably due to abnormalities in macrophage infiltration rather than in adipocytes. Consistent with this view, our previous study showed that CatE -/-macrophages have reduced pro-inflammatory cytokine production [9] , impaired chemotaxis, and decreased cell adhesion [10] . Therefore, these findings also implicate CatE -/-macrophages in the decrease in adipose tissue development.
The phenotypes of fat-induced CatE -/-mice displaying defective adipose tissue development are reminiscent of those of mice deficient in cathepsin L, a ubiquitously distributed cysteine protease [17] , or cathepsin K, the osteoclast-and activated macrophage-specific cysteine protease [18] [19] . Fat-induced mice, deficient in either cathepsin L or cathepsin K, all display a lean phenotype and defective adipose tissue development. However, other characteristics of fat-induced CatE -/-mice such as hepatomegaly with hepatic steatosis and hypercholesterolemia, have not been reported in the fat-induced cathepsin L-or cathepsin K-deficient mice [20] . The precise mechanisms by which these three distinct types of cathepsin-deficient mice show partially similar phenotypes remain unknown. However, it is reasonable to speculate that the common adipose tissue defect in these mice is probably a primary event, while other phenotypes, including hepatomegaly with hepatic steatosis and hypercholesterolemia in fat-induced CatE -/-mice, may be secondary events.
In conclusion, HFD-induced CatE -/-mice exhibit impaired adipose tissue development that probably causes hepatomegaly associated with hepatic steatosis and hypercholesterolemia. This defective adipose tissue development may be caused in part by reduced macrophage infiltration.
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